Abstract: The LiNbO 3 -based polarization controller is widely used, but it needs to be calibrated in order to cancel the remaining birefringence. The calibration of the LiNbO 3 polarization controller is untrivial because there are several stages, and for each stage, at least four parameters, including V A;Bias , V C;Bias , V 0 , and V , need to be calibrated. A smart calibration approach is presented theoretically and experimentally. The particle swarm optimization (PSO) algorithm is used as an adaptive searching algorithm. The experiment results show that the PSO algorithm is powerful to optimize the operation of LiNbO 3 -based multistage polarization controllers. It takes only less than 1 min for all the stages of the polarization controller to be thoroughly calibrated.
Introduction
Polarization controllers are the vital elements in optical polarization mode dispersion compensators (OPMDCs) [1] , polarization stabilizers [2] , polarization multiplexed systems [3] , coherent detection systems [4] , etc. The lithium niobate ðLiNbO 3 Þ polarization controller is widely used because of its high respond speed ($100 ns). However, for a titanium-diffused LiNbO 3 waveguide, the propagation constants for transverse electric (TE) and transverse magnetic (TM) modes vary with temperature, which will affect the controlling precision. In order to realize optimized operation of LiNbO 3 -based multistage polarization controllers, there are at least four parameters, inlcuding V A;Bias , V C;Bias , V 0 , and V , to be calibrated at each stage. The reference values provided by the manufacturer are not trustworthy since these parameters vary with the temperature. Therefore, we must make the calibration every time when we switch on the polarization controller. The calibration method used by EOSPACE Co. [5] follows: monitoring the output power with sweep of voltage V A and V C applied on electrodes and recording the contour pattern and fitting the polarization controller model to the measured pattern to obtain the calibration parameters. This method is complicated and time consuming. Moreover, its calibration precision depends on the input state of polarization is exactly circular polarized or not. Therefore, a fast and reliable calibration method should be established.
In this paper, we present a smart calibration approach by using an adaptive algorithm known as the particle swarm optimization (PSO) algorithm. The time of the calibration for all the stages of the polarization controller is within 1 min.
Structure of LiNbO 3 Polarization Controller
The LiNbO 3 polarization controller consists of a cascade of (3, 4, 6, or 8) integrated polarization transformer stagesVeach of which can be electro-optically adjusted at high speed to act as a variable-thickness wave plate with adjustable orientation. Fig. 1 illustrates the configuration of one stage of a LiNbO 3 polarization controller. There are three electrodes.
Taking V B as ground, the voltages applied to the electrodes A and C are as follows [6] :
where V 0 is the voltage required to transform all power from the TE to the TM mode. V is the voltage required to induce a phase shift between the TE and TM mode. V A;Bias and V C;Bias are the bias voltages in order to achieve zero birefringence between the TE and TM mode. is the desired wave plate retardation (in wavelength), for example, to generate a quarter-wave plate, set ¼ 1=4. is the orientation of the wave plate (in radians). The reference values for four parameters V A;Bias , V C;Bias , V 0 , and V are presented by the manufacturer, but they are not accurate since these parameters would change with the surrounding environment. The calibration is needed every time when we switch on the polarization controller. Take a three-stage polarization controller as an example. If we apply the appropriate voltages, we can make an exact QWP þ HWP þ QWP cascade polarization controller that can transform any fixed state of polarization (SOP) into any other SOP covering the entire Poincaré sphere with reset-free [7] . Here, QWP stands for quarterwave plate and HWP is half-wave plate. If the parameters V A;Bias , V C;Bias , V 0 , and V are not correct, there will be remaining birefringence. Either exact HWP or exact QWP is not obtained. The right combination ðV A;Bias ; V C;Bias ; V 0 ; V Þ for each stage is complicated to be obtained because these parameters will not go to convergence monotonously in turn. In this paper, we propose a fast and reliable calibration method.
Theoretical Analysis
The calibration approach we presented here is based on the fact that for a perfectly separated HWP, when its orientation angle changes from 0 to , the trajectory of the output SOPs on Poincaré sphere with any input fixed SOP are the two horizontal coincident rings along latitude. What if we use a multistage LiNbO 3 polarization controller instead of a single one? We will discuss this situation in the following paragraphs.
Take a 4-stage polarization controller as an example. Choose one from all stages as an HWP and other stages without any actions. Let the orientation angle of the chosen HWP vary from 0 to , and observe the trajectory of the output SOPs on the Poincaré sphere with any input fixed SOP. Take the input SOP as ðs 1 ; s 2 ; s 3 Þ T . Four cases exist as listed below.
i) Supposing that any of all stages of the polarization controller is exactly calibrated and without remaining birefringence, the transforming matrix of the polarization controller with any one of stages as HWP can be written as [8] : 
where represents the orientation of the chosen HWP, and R ðÞ denotes the Mueller matrix for a rotated half-wavelength plate. The output SOP after this polarization controller is
The s 0 3 in output stokes vector remains unchanged. When the chosen HWP rotate from 0 to , the output SOPs will draw two horizontal coincident rings along latitude on Poincare sphere, as shown in Fig. 2(a) , which is consistent with the fact that we have mentioned of a perfectly separated HWP. ii) If the chosen wave plate as HWP is exactly calibrated but one of other wave plates is not calibrated and with remaining birefringence, the transformation matrix of the polarization controller can be written as 
where and represent the remaining birefringence and the orientation of the wave plate which is not calibrated, respectively. According to the following expression:
we can get
For the given and , s 0 3 is also a constant, which means that when varies from 0 to , the output SOPs also draw two coincident rings, as shown in Fig. 2(b) . The only difference between case i) and ii) is whether the two coincident rings lay along latitude or not. If there is a remaining birefringence in any of other wave plates, the rings will be inclined with the horizontal plane and the inclined angle increases with the remaining birefringence .
iii) If the chosen one is not calibrated and with remaining birefringence , while the other wave plates are exactly calibrated, the transformation matrix will be 
According to the expression ð s
When the chosen wave plate rotates from 0 to , s 0 3 varies with , the output SOPs draw two separated rings, as shown in Fig. 2(c) . The maximum separation distance between two rings depends on the remaining birefringence directly. The larger the remaining birefringence, the bigger the separation distance is. We can see that from Fig. 3 . iv) If all the wave plates are not exactly calibrated, the output SOPs draw two not only tilt but also separated rings, as shown in Fig. 2(d) . From the above discussions, we can conclude that if the chosen HWP has been calibrated, the two output SOP rings will be coincident with each other whether the other wave plates are calibrated or not, which is to say that the calibration of one wave plate is independent of the others. Therefore, we can calibrate the wave plate separately from the first to the last. When all the wave plates are completely calibrated, we can find that the output SOPs of any wave plate of four that chosen as HWP will draw two horizontal coincident rings along latitude. It also shows that the separation distance between two SOP rings is related to the remaining birefringence directly. The less the remaining birefringence, the closer the two rings are. If we label the SOP points of two rings on Poincaré sphere as P 1 ; . . . ; P N ; P Nþ1 ; . . . ; P 2N , the calibration problem can be summarized as following mathematical problem of finding global minimum of the following function:
ðdistance of P Nþi and P i Þ 2 (9) which means making the two rings as close as possible by adjusting the four parameters V A;Bias , V C;Bias , V 0 , and V . Therefore, the problem of calibration is transformed into the problem of searching for the global minimum of the function in equation (9) in the 4-D space (by adjusting the parameters of V A;Bias , V C;Bias , V 0 , and V ). In this paper, we will use PSO as the searching algorithm to realize the calibration of the LiNbO 3 polarization controller.
PSO algorithm, which was proposed by Kennedy and Eberhart in 1995 [9] , has been proved to be very effective in solving global optimization for multidimensional problems in static, noisy, and continuously changing environments [10] and has been proved to be reliable in the compensation of polarization mode dispersion [1] , [11] and polarization stabilization [2] . Here, our aim is to realize optimized operation of LiNbO 3 -based polarization controller by using the PSO algorithm in the form of expression (9) . Four parameters ðV A;Bias ; V C;Bias ; V 0 ; V Þ of each stage are considered to be a particle, and 20 particles are employed as a swarm. Global neighborhood structure is employed. The flow chart of implementing PSO used as the searching algorithm in calibration is shown in Fig. 4 . The setting of the criterion and the choice of sampling points N, which decides the variation step of the wave-plate orientation, will affect the convergence of the computation. If N is too small, the variation step will so large that is will induce deviation from the correct result. If N is too large, the calibration process will spend too much time, and the result cannot be get more precise because of the precision of the devices used. According to our experiences, N is set to 200. Considering the precision of the devices and the number of sampling points, the criterion is set to 0.05 in the experiment.
Experimental Results
The experiment setup is shown in Fig. 5 .
The light wave from the CW laser is polarized to be a linearly polarized light and fed into the EOSPACE LiNbO 3 polarization controller, which has four wave plates. The online polarimeter (PolaDetect, General Photonics Co.) measures the output SOPs. The DSP board (TMS320C6720) collects the output SOPs through an A/D converter, runs the PSO algorithm, and controls the polarization controller. This configuration forms a feedback loop in order to complete the calibration of the polarization controller according to equation (9) .
The whole procedure of using the PSO algorithm for calibration is shown in a flow chart in Fig. 6 . The experimental results are shown in Fig. 7 . Take the first wave plate as an HWP and vary from 0 to . At the beginning, not only is the first wave plate not calibrated, but the other wave plates are also not calibrated. The output SOPs formed two separated and tilt rings on Poincaré sphere, as shown in Fig. 7(a) . Then, using PSO as the searching algorithm to calibrate the first wave plate, the results are shown in Fig. 7(b) , and the two output rings nearly coincide with each other but still tilt, which means that the first wave plate is already approximately calibrated, and the other wave plates still have remaining birefringence. Calibrating every wave plate in turn, we finally get two nearly coincide and horizontal rings, as shown in Fig. 7(c) , which means that the calibration of all four wave plates within the range of deviation are finished.
The time consumption in the experiment is analyzed. The response time of polarization controller is about 3 s. To obtain a set of data ð s 1 s 2 s 3 Þ from the polarizer, we need 10 s. To get 200 sampling points in the experiment, it takes about 2.6 ms, which is the time required for a single particle. Here, we take 20 particles in PSO algorithm, which will take 52 ms in total. To meet the criterion, the iteration number is usually about 5-10. Therefore, the calibration for one stage will take about 260-520 ms to collect the data. The PSO algorithm only takes a very short time if it is implemented on a DSP board, which is around several milliseconds. For the calibration of multiple stages of polarization controller, the whole process takes less than 1 min.
Conclusion
Based on the theoretical analysis and using PSO algorithm, a fast and reliable calibration approach for LiNbO 3 -based polarization controllers is established. The whole calibrating process takes less than 1 min. The experiment results show that the PSO algorithm is powerful to realize optimization of the operation of LiNbO 3 polarization controllers. 
